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Abstract. Airborne measurements of several gaseous and
particulate chemical species were obtained in the emissions
from a wildfire that burned in an old black spruce forest in
Alaska during the summer of 1990. The relative proportions
of most of the measured plume constituents are consistent
with ground-based and airborne measurements in the plumes
of several other biomass fires, and with laboratory
measurements. Possible exceptions include the mean fine-
particle emission factor, which was about 3 times larger than
predicted from a regression relation based on measurements
of the smoke from several prescribed biomass fires, and the
mean CH4/CO molar emission ratio which was at the low end
of a range of values measured for other biomass fires.
Measurements of water-soluble particulate ions in the smoke
plume from the Alaskan wildfire indicate that acids formed
from the oxides of sulphur and nitrogen were partially
neutralized inside cloud droplets by NH3 absorbed from the
plume.

Introduction

Wildfires in the State of Alaska, in the Yukon and
Northwest Territories of Canada, and in Siberia, contribute
substantial quantities of trace gases and aerosols to the
atmosphere. Such fires are often a major feature of the arctic
region during summer. For example, in Alaska, wildfires
sometimes occur over an area of 1 million ha (104 km2) in a
year, yet measurements of the emissions from biomass fires
burning in this important region have not been previously
reported.

On June 27-28, 1990, members of the Cloud and
Aerosol Research (CAR) Group of the University of
Washington (UW) carried out three research flights for the
purpose of characterizing the smoke emissions from a
wildfire located in the Yukon Flats area of Alaska at 66° 37
N latitude and 147° 50' W longitude. This fire was
designated A121 by the Alaska Fire Service, and we will also
refer to it by this number. Wildfire A121 marked the
beginning of a severe fire episode in Alaska, which extended
for 8 weeks ending in late August 1990.

Fire A121 started on June 26, following a period of
lightning in the Yukon River area, about 160 km due north of
Fairbanks. The first UW flight was made on June 27
between 1700 and 2000 PDT. The fire, which was about
200 ha in size at this time, was burning in an old black spruce
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forest on a reasonably level alluvial plane about 20 km north
of the Yukon River. At the time of our arrival, the wind was
from the southwest, and the upwind side of the fire was
nearly extinguished. Advancement of the fire on the
downwind side was impeded by a small lake and by a large
discontinuity in the fuel supply. The fire was spreading only
modestly along its flanks through ground litter fuels, with
occasional torching of single trees. Fire suppression efforts
included a retardent drop and a crew of smoke jumpers that
parachuted to the fire on the morning of June 27, and began
work on a fireline along the south flank of the fire. Between
2000 and 2200 PDT on June 27, immediately following the
departure of the UW aircraft from the vicinity of the fire, the
wind shifted to the northwest, and A121 jumped a partially
completed control line and began spreading toward the
southeast, increasing in size from ~200 ha to over 2000 ha.
From this time onward, A121 was a free-burning wildfire
limited only by prevailing weather and fuel conditions.

On June 28, 1990, the CAR Group made two flights, the
first from 1400 o 1730 PDT and the second from 1915 to
2300 PDT. A121 burned toward the northeast and doubled
in size on June 28, but at no time did it sustain a crown fire.
The primary activity was a low-intensity ground fire that
bumed through the top layer of needles on the ground. There
was an occasional torching of tree crowns, however the litter
and duff fuels that lay beneath the surface layer of needles
were not dry enough to sustain combustion. Consequently,
the fire advanced along distinct narrow fronts with little
smoldering in the wakes of the fronts. This lead to the rapid
dilution of the smoke plume by efficient mixing with ambient
air.

In this paper, we present airborne measurements of
several gaseous and particulate trace species measured in the
smoke plume from A121. Parameters that describe the
relative proportions of various emissions released are
computed and used for comparison with other biomass fires.
These measurements are of particular interest because there
are very few estimates of emissions from wildfires and even
fewer from fires in boreal forests.

Measurements and Methods

Sampling was carried out aboard the CAR Group's
Convair C-131 research aircraft. A wide range of
instruments, and a combination of continuous and "grab"”
sampling techniques, provided measurements of a number of
gaseous and particulate trace species. The instrumentation
aboard the aircraft and calibration procedures have been
described by Hobbs et al. [1991]. The measuring techniques
and methods of analysis used in this study are described
briefly below.

During passes through the smoke plume, "grab" samples
of air were collected in a 1.5 m3 polyethylene bag that was
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filled with ram air pressure. The concentrations of all
gaseous hydrocarbons, CO and N3O were measured from
portions of these samples that were siphoned into stainless-
steel canisters. A total of 10 canisters were analyzed, eight of
which contained in-plume samples, and two of which
contained upwind (background) air samples. Analysis of the
canister samples was performed at the Oregon Graduate
Institute of Science and Technology, using the techniques
(e.g., gas chromotography, mass spectroscopy, and electron
capture) and methodologies described by Rasmussen et al.
[1974] and Rasmussen and Khalil [1980, 1981].

Concentrations of CO3 and NOy in the grab samples were
measured with monitors aboard the aircraft. Plume-minus-
background concentrations CO; and NOy were measured by
deducting the ambient airstream (background) signal
measured prior to plume entry from the grab sample (plume)
signal. Flow to the instruments was electronically switched
between the grab sample feed and the ambient airstream feed.
Continuous ambient airstream measurements of the light
scattering coefficient (Ogp) at A = 540 nm were provided by a
nephelometer and aided in defining plume boundaries.

Teflon filters were exposed to portions of the grab
samples of smoke to determine concentrations of particle
mass. Particles >3.5 pm in aerodynamic diameter were first
removed by a cyclone that preceded the filter housing in the
sample stream. SO}, NO7, and NH‘;L ions were extracted
from these samples in distilled water and measured in the
laboratory. Gaseous NH3 was collected with oxalic acid-
impregnated cellulose afterfilters.

Analysis and Results

Trace gas mixing ratios (i.e., mole of a species per mole
of air) and particulate mass concentrations are listed in
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Table 1. Smoke samples not modified by interaction with a
water cloud that briefly formed over the fire are categorized
by their relative ages. Measurements performed on two grab
samples of background air collected on June 28, were
averaged to arrive at a "mean” background concentration; this
was subsequently used as the background reference for all
grab sample measurements in the smoke plume, including
those of the previous day (no background samples were
collected on June 27).

To facilitate comparisons with other studies, we have
provided three different normalizations of the emissions
measured in the plume from A121. These include emission
ratios, normalized to both CO2 and CO (i.e., AX/ACO; and
AX/ACO, where AX is the above background concentration
of any compound X, and ACO7 and ACQ are the above
background concentrations of CO2 and CO, respectively),
and "emission factors" (i.e., the mass of a compound emitted
into the atmosphere per unit mass of fuel burned). Mean
emission ratios, expressed as molar percentages, and mean
emission factors, expressed in units of grams per kilogram,
are presented in Table 2.

Throughout this paper, when discussing emission ratios,
we will attempt to adhere as much as possible to the
convention proposed by Lobert et al. [1991]: that flaming
stage compounds (highly oxidized compounds, including
CO2, NOy, N20O, and SO3, that are produced in greatest
proportion during flaming combustion) be normalized by
CO3, and that smoldering stage compounds (reduced
compounds, including CO, most hydrocarbons and
ammonia, that are produced in greatest proportion during
smoldering combustion) be normalized by CO. The
ACO/ACO3 ratio is highly responsive to changes in the type
of combustion.

We used the carbon-balance method of Ward et al. [1982]
and Radke et al. [1988] to compute emission factors. In this

TABLE 2. Mean Emission Ratios Normalized With Respect to CO2 and CO (Mole/Mole;
Expressed as Percentage) and Emission Factors (Grams of Compound per Kilogram
of Fuel Burned) for Particles and Trace Gases from the Alaskan Wildfire

Species AX/ACO3, AX/ACO, Emission Factor,
% % gkgl
COy 1318 +£277 1640 + 25
60) 7.81 +1.24 8112
CHy4 0.44 £ 0.17 57+19 26+1.0
CyHg 0.059 + 0.032 0.73 £0.31 0.66 = 0.35
CoHy 0.027 + 0.007 0.35 £ 0.08 0.26 £ 0.07
C3Hg 0.014 £ 0.010 0.17 £ 0.11 0.23 £0.17
CsHg 0.033 £ 0.012 042 +0.11 0.51 £0.18
NOy* 0.087 + 0.016 1.2+02 1.5+0.2
N2O 0.009 * 0.005 0.11 £ 0.06 0.14 £ 0.08
NH3 0.095 = 0.056 1.31£0.5 0.64 +0.31
PMj; st 21.5+48

* NOx = NO + NO3. On average ~85% of NOy is NO».
+ Total mass of particles with aecrodynamic diameters <3.5 pum.



Nance et al.: Emissions From an Alaskan Wildfire

14,876

“url ¢'g> S1vrsueIp Srureu£poIse Yim sapdnsed Jo SSew [eI0L 1
"CON ST *ON JO %0L~ 38esoae ug ZON + ON = *ON +
(1661 “Te 12 2pey woi]] “wreiSoqny Jod suress ur ase sjrup}
"SI1[IJ UO[J3 T, UO PAI3[[03 SI[IMIed Pue SINSIUE [391S SSI[UTELS UL PIAII[[00 53585 JO SISAEUE O} UO PISEq SI8 UMOYS SON[EA [[Y

IOLFVYL E€V0F060 9LF6E SOOFETO 800FESO SOOFITO +OOFYCO 800F 90 SOFCTE OIFeES 6CF 0591  38e1oAy [eIAA0
€V F 8Tl SOOF 00 ITOFIY0 LOOFII0O 900FTC0 ITOFSED 61FSE LEFES 67 F 0991 e 19geIN
LY ¥ 801 YIOFTTO OVOFTY0 CTLIOFLIO TIOFTTO PEOFISO 8TFSE IVFSS T8 FOOLI PoIISOIM
S9FTOI 900 F8I'0 6I'0FS90 900FSI0 SOOFSTO LIOFSYO EIFCTH I1ZF06  OSTOMI H

901 ¥ 60T CLFIT STOFO060 CIOFLIO 900FEE0 SYOFLSO LIF9S I6FSLI 191 F80ST Aqsmneg
YT LI SEFTL EIOFII'0 S00FSTO TOOFSOO TOOFS800 SOOFSI0 CTOF60 9Fve 11 ¥ 8pLI odeg
OEFSOl LOOFOI0 E€TFECE TSOFIVO 600F8S0 ECIOFSIC SEOFIEO0 9TOFSH0 SOTF6T O9ELTFT8 9F 1991 weunprey

LTIFTOZ 0SOF090 LOFS0 6E0FLITO 100F800 ECIOFIVO 600F6I0 EEOF9S0 91TFOT O0SF68 €01 F LE9T J0ATIS
I'EFI9 060F00C LOFST POOFOLO0 SOOFSTO VOOFTITO EIOFO090 S8OFOE OZF9OL 66T 9791 AN

961 FOET POOF600 SOFEE ICOTFLIO €O0FIH0 TIOFIEO €OOFITO SIOFSSO €0F9E PIFSL 1€ ¥ 0591 ziIpo1
YPFSEL 080FOLT SEF68 VIOFICO SOOFS8S0 CIOFITO SOOFIEQD CIOFSEOD TOFVFT OLFPL ¥ T 99l 11pOT

SENd €HN +ON ON SHED 8HED HYD 9HTO YHD (00) 200 ang

$211{ SSEWOIg ([ JO SSUM{J 9Y) WOl p3[dures soses) I0BL, SNOLIEA PUE SI[IILIEJ 10J (SUOIBIAS(] PIEPURIS PUE) SI010E.] UOISSIUI 95eI0AY '€ TTAV.L

6861 39quiadog PUE 961 12U UIMISG EDLIAUTY TLON U]



Nance et al.: Emissions From an Alaskan Wildfire

method, it is assumed that the measurements of carbonaceous
plume constituents account for all of the carbon burned. We
estimate that this will artificially inflate the emission factor
estimates by about 5-10% due to the neglect of ground ash
and high-molecular weight, gaseous hydrocarbons in the
carbon balance. In a series of laboratory fires (several fuel
types), Lobert et al. [1991] found that, on average, ash
accounted for 5% of the total burned fuel carbon and another
5% was unaccounted for. This was attributed to particles,
which we assumed to be 60% carbon by mass based on the
results of Dasch [1982], Patterson and McMahon [1984], and
Ward and Hardy [1988], and gaseous hydrocarbons > Cjg,
which were not measured. We also assumed that the carbon
content of the fuel was 50% by mass, corresponding to the
chemical stoichiometry of CeHgO4 [Bryam, 1959]. On the
basis of other measurements of the carbon content of various
biomass fuels [e.g., Bollen, 1974; Lobert et al., 1991; Susott
et al., 1991], it is unlikely that the true mean carbon fraction
of the burned Alaskan biomass differed from 50% by more
than £10%.

In some cases, trace gas concentrations within the smoke
plume were enhanced by only a few percent over background
levels. For example, measured plume concentrations of CO2
never exceeded measured background concentrations by more
than 10%. It is encouraging, however, that there was little
variation in the eight emission factors computed for CO,. In
seven of the eight plume samples, the combustion efficiency
(CE), defined as the percentage of carbon released from the
fuel that is completely oxidized to CO2 by the combustion
process [Ward and Hardy, 1991], varied within a narrow
interval between 87.9 and 89.7%. The eighth sample yielded
a CE value of 92.4%. In controlled burns of logging slash
that are constrained to a specific area of fuel supply, the trend
from flaming to smoldering combustion produces CE values
that can vary by 10% or more [Ward and Hardy, 1991].
However, A121 was a free-burning wildfire that continually
advanced into fresh supplies of fuel that were incapable of
supporting sustained, smoldering combustion. Thus a
smaller degree of variability, with a largely random
component (associated with measurement uncertainty), may
be anticipated in the CO2 normalized emissions for A121.
Consequently, the averages shown in Table 2 are probably
reasonably representative of the true mean emissions
characteristics of A121 during the period of our
measurements.

Discussion

Gases

Since 1986 we have used a research aircraft to study the
emissions from a number of prescribed fires and wildfires.
The averaged emission factors for several compounds from
10 of these fires are shown in Table 3. Considerable
variation is evident, both between fires and within fires. This
variance may result from differences in fuel characteristics
(e.g., type, moisture content, spatial arrangement), changes
or differences in the predominant combustion type (flaming
or smoldering) and prevailing weather conditions, and
propagational differences (upslope or downslope, heading or
backing). In spite of these numerous potential sources of
deviation, the averaged emission factors for CO3, CO, CHy,
and several Cp-C4 hydrocarbons from A121 (Table 2) differ
from their corresponding overall averages in Table 3 by a
maximum of 25%. Thus, with respect to our previously
collected data, regardless of fuel and combustion

14,877

characteristics, the averaged emission factors for CO3, CO,
CHy4, and C3-C4 hydrocarbons from A121 appear fairly
typical.

The mean CE computed from eight samples collected in
the smoke from A121 was 89.5 + 1.3%. Ward and Hardy
[1991] reported on an extensive collection of ground-based,
field measurements made in the smoke from several
prescribed fires with differing fuel characteristics in
Washington, Oregon, and California. They derived the
following emlpirical relations between CE and the emission

)

factors (g kg-1) for CO [EF(CO)] and CHy4 [EF(CHy)]:
EF(CO) =961 -984 CE (r=-0.9) )
EF(CHy) =42.7-43.2CE (r=-0.88) )

In (1) and (2), 0 £ CE £ 1, and r is the correlation coefficient.
The emission factor for CO2 [EF(CO»)] is related to CE by a
simple constant derived from an assumed biomass fuel
composition of 50% carbon by mass:

EF(COy) = 1833 CE 3)

Substituting 0.895 for CE in (1) and (2) gives emission
factors of 80 and 4.0 g kg1 for CO and CHy, respectively.
Compared with the means presented in Table 2 for A121 (81
+ 12 and 2.6 + 1.0 g kg-! for CO and CHy, respectively),
there is close agreement between the CO emission factors, but
the emission factor for CH4 from A121 is only 65% of that
predicted by (2). Thus the mean CH4/CO emission ratio of
5.7+ 1.9% for A121 is similarly diminished with respect to
the 8.8% figure derived from (1) and (2).

The averaged AX/ACO7 and AX/ACO emission ratios for
many gaseous carbon compounds emitted from A121 are
very close to values reported by Lobert et al. [1991] for a
series of laboratory measurements on several different types
of biomass fuel (Table 4).

The agreement between the two mean CO/CO7 emission
ratios (7.3%, from Lobert et al. [1991] and 7.8% from A121)
can be considered largely coincidental in view of the strong
dependence of this parameter on the type of combustion.
Lobert et al. [1991] report a range of values from 3 to 16%.
Similarly, for the 10 fires listed in Table 3, the average
CO/CO3 emission ratio ranges from 3% (Eagle prescribed
burn) to 18% (Battersby prescribed burn) with an overall
average of 8%. (The two wildfires in Table 3, Myrtle/Fall
Creek and Silver, have means of 10% and 8.5%,
respectively.) Greenberg et al. [1984] report CO/CO,
emission ratios ranging from 5 to 30%, with a mean of
11.5%, from their ground-based, field measurements in
Brazil. Andreae et al. [1988] report a range of 6-16%, with a
mean of 8.5%, from their airborne measurements in Brazil.
Cofer et al. [1991] report a range of 5-12%, averaged
according to ecosystem and burning stage, from their low-
altitude, helicopter measurements in North America.

Our measurements of the mean AX/ACO emission ratios
for ethane (CaHg), propane (C3Hg) and propene (C3Hg)
from A121 agree with the values reported by Lobert et al.
[1991] to within 15%, although the variances in both sets of
measurements are generally high. Similar ratios can be
derived from the results of Greenberg et al. [1984] if their
mean AX/ACO2 ratios for hydrocarbons are divided by their
mean CO/CO3 ratio (Table 4). The mean emission ratios for
methane (CH4/CO) and acetylene (CoH9/CO3) from Al121
were about 35—40% less than those reported by Lobert et al.
[1991].
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Since CH4 and CO are both smoldering stage
compounds, the CH4/CO emission ratio should be less
dependent on the overall intensity of combustion than the
CO/CO, emission ratio. This is illustrated by (1)-(3), which
suggest that the CH4/CO ratio increases only marginally
(from 8 to 11%), compared to a tenfold increase (from 2.5 to
25%) in the CO/CO3 ratio, when CE decreases from 95 to
75%. However, larger variations in the CH4/CO ratio have
been observed from one fire to another. For example, our
previously collected data, averaged by fire in Table 3, show a
range of 4-12% for the CH4/CO ratio, yet the CO/CO ratios
corresponding to these two extremes, for the Hardiman and
Wicksteed fires, respectively, differed by less than a factor of
2 (8 and 5%). Lobert et al. [1991] report a comparable range
in the CH4/CO ratio (also apparently averaged by fire) of
5-12%. Hence, it appears that the CH4/CO ratio may be
greatly influenced by fuel characteristics. This assertion is
supported by the CH4/CO ratio derived from the results of
Greenberg et al. [1984], Ward et al. [1991] and Cofer et al.
[1991] (Table 4), which show large differences between fuel
types, with the smaller 4-6% values associated with
predominantly grassy fuels (i.e., cerrado and wetlands) and
larger 9-10% values with chaparral and forest-type fuels.
This constitutes a relative difference of 35-45%. Smaller
differences (typically <1% absolute) between CH4/CO ratios

for the flaming and smoldering stages of combustion were
reported by Cofer et al. [1991]. The CH4/CO ratio for A121
is, rather unexpectedly, in closer agreement with the grassy
fuel-type results of Greenberg et al. [1984], Ward et al.
[1991], and Cofer et al. [1991] than with their results for
forest-type fuels.

The CH4/CO ratio from Al21 is consistent with the
previous measurements we have obtained in the plumes of 10
fires (Table 3). A mean CH4/CO ratio of 5.5% for the first
seven fires listed in Table 3 (Lodi 1 through Battersby) was
initially reported by Hegg et al. [1990]. Ward and Hardy
[1991] and Lobert et al. [1991] noted the relative smallness of
this value. Subsequent measurements at the other three fires
listed in Table 3 (Hill through Mabel Lake) yiclded higher
CH4/CO ratios and raised the overall mean value of the
CH4/CO ratio to 6.7% for all ten fires.

Measurements of three gaseous nitrogen compounds were
made in the smoke plume from A121 (Table 1). Several
studies have shown nitrogen emissions, specifically NOy,
from biomass bumning to be strongly dependent on the
nitrogen content of the fuel, which typically varies from about
0.2 to 2.0% by mass for different fuels [Clements and
McMahon, 1980; Susott et al., 1991; Lobert et al., 1991].
Furthermore, only a small fraction of the fuel-bound nitrogen
is converted to compounds that can be measured in the field

TABLE 4. Mean Emission Ratios (Normalized to Either CO or CO2) and Ranges for CO
and Several Hydrocarbons From Various Biomass Fires

Mean Emission Ratio and Range, %

Location and Sampling CO/CO2 CH4/CO CoHg/CO C2Ho/CO2 C3Hg/CO C3He/CO
Reference Platform
(Fuel Type)
Laboratory* (Various fuels) 7.3 9.1 0.68 0.042 0.15 0.49
[Lobert et al., 1991] (3.2-16) (5.2-12.2) (0.16-1.05) (0.007-0.170) (0.02-0.32) (0.13-0.70)
Brazilt Ground-based 11.9 9.5 0.76 0.52 0.39
[Greenberg et al., 1984] (Selva) (4.7-30.2)
Ground-based 11.3 5.3 0.67 0.14 0.40
(Cerrado) (4.8-26.8)
Brazil Aircraft 8.5 9.7
[Ward et al., 1991] (Selva) (4.2-12.0) (8.8-10.4)
Aircraft 2.2 4.0
(Cerrado?)
North America™ Helicopter 5.0 5.9
[Cofer et al., 1991] (Wetlands)  (4.7-54) (5.7-6.3)
Helicopter 6.6 9.4
(Chaparral) (5.7-8.2) (8.1-10.6)
Helicopter  10.1 9.8
(Boreal) (6.7-12.1) (9.6-10.0)
North America* Aircraft 7.9 6.7 0.52 0.025 0.16 0.43

[Radke et al., 1991] (Various fuels) (3.1-18.2) (4.1-12.1)

(0.30-0.87)  (0.008-0.037) (0.08-0.30)  (0.06-0.75)

* Data presented as overall mean values followed by range of fire-averaged mean values in parentheses.
1 Originally, all data was normalized to CO3. AX/ACO emission ratios were estimated by dividing the mean reported AX/ACO; ratio

by the mean reported ACO/ACO;, ratio.
1 Single sample.

# Ranges are from means originally reported for each burning stage (flaming, smoldering, mixed). Means are unweighted arithmetic

averages of the means originally reported for each burning stage.
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(it is suspected that a large quantity is converted to N2). We
do not know the average nitrogen content of the biomass
consumed by A121.

The average emission factor for NOy that we measured
for A121 was 1.5+ 0.2 g kg-! (our measurements show that
~85% of the NOx was in the form of NO2). With respect to
our earlier measurements in the plumes from seven fires
(Table 3), this is somewhat lower than the overall average
NOy emission factor of 3.9 + 16 g kg-1. However, the latter
figure is strongly influenced by the measurements from two
fires (Lodi 1 and Eagle) that burned in Southern California,
which produced much greater quantities of NOy. Hegg et al.
[1987] suggested that this was due to the volatization of
nitrates that were originally produced in nearby Los Angeles
and deposited on the vegetation prior to burning. With these
two fires removed, the mean NOy emission factor from Table
3 (2.2 £ 1.2 g kg'!) is much closer to the value we measured
for A121.

The NOx/CO9 ratio measured in the plume from A121
ranged from 0.058 to 0.105% with a mean of 0.087%. This
is within the range of values found by Evans et al. [1977]
(0.033-0.16%) and Andreae et al. [1988] (0.066-0.35%),
which were derived from airborne measurements in fresh
biomass smoke plumes in Australia and Brazil, respectively,
and it is the lower limit of the range of laboratory
measurements reported by Lobert et al. [1991] (0.088-
0.77%). The loss of NOx emitted from A121 by conversion
to nitrates prior to sampling cannot be fully quantified,
though this probably accounts for much of the variance in our
measurements of the NOy/CO» ratio. Figure 1 shows that the
concentration of aerosol nitrate (NO3) in the plume from
A121 increased as the NOy/CO» tatio decreased. We
measured NO,/NOx ratios as high as 40%; however, the total
deficit of Ne) was potentially much larger due to the
production of other gas phase nitrates, such as nitric acid
(HNO3) and peroxyacetyl nitrate (PAN), which were not
measured.
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sample as specified in Table 1.
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The mean N2O/CO4 ratio from the data collected in
Alaska was 0.009 + 0.005%. Although N2O emissions
should be well correlated with CO9 emissions, the variance in
our calculations of NoO/CQ; is understandable in view of the
very small (<1%) above-background enhancements that were
measured for N2O. The laboratory study of Muzio and
Kramlich [1988] found significant artifact production of N2O
within canisters used to store samples of combustion gases.
Subsequent experiments were performed by Cofer et al.
[1990] and Winstead et al. [1991] to determine if artifact NoO
production also occurred in canisters containing diffuse
samples of biomass burning emissions typical of those
collected in field studies. They found significant N2O
production within the first 10 days of storage inside the
canisters when the initial N2O concentrations were relatively
high. However, in most cases when the initial concentration
of N2O was less than ~400 ppb, there was little artifact
production over a period of 3 or 4 weeks. Most of our
samples showed N2O concentrations of about 340 ppb.
However, they were stored for several weeks before
analysis, and the above-background enhancements measured
were so slight that significant artifact production cannot be
ruled out. Nevertheless, the mean N2O/CO; ratio measured
for A121 was substantially less than the range of values
(0.014-0.039%) reported by Cofer et al. [1991]. Lobert et
al. [1991] measured N2O/CO3 values from 0.001 to 0.028%,
with a mean value of 0.009%, very much like that for A121.

The mean NH3/CO emission ratio measured in the plume
from A121 was 1.3+ 0.5%. This is comparable to the 1.5%
mean figure reported by Lobert et al. [1991] and the 1.8%
mean figure computed from our previous measurements in
the plumes of five biomass fires (Table 3). Normalization by
CO, gives a mean NH3/CO3 ratio of 0.095 x 0.056% for
Al21, compared to means of 0.084 £ 0.086% and 0.231 *
0.063% measured by LeBel et al. [1991] in the smoke from
prescribed fires in Florida (wetlands) and Ontario (timber-
harvest debris), respectively.

Particles

The concentrations of water-soluble sulfate (SO7), nitrate
(NOY), and ammonium (NH*) tons extracted from %e smoke
particles that were collected on Teflon filters during the
afternoon and evening flights of June 28, 1990, are shown in
Table 1. The hlghest concentrations of SO‘ and NOj; from
A121 were found in the old smoke sampled at 2206 PDT
(Table 1). This probably reflects the relatively long time
available for the gas-to-particle conversion of SOy to SO4= and
NOx to NO The NO3/NOX ratio measured from this sample
(~40%) was the highest of all of the samples collected (plume
enhancements of SO, were too small to be detected above the
background noise of the aircraft's SOz monitor), and
concentrations of NOj (and SOZ‘) generally decreased as the
NOy/CO3 ratio increased (Figure 1). Molar ratios of SO to
NQO; of ~1 were measured in samples collected at 1456 and
1513 PDT (the sample collected at 1456 PDT was processed
by passage through a water cloud). Samples collected later
yielded ratios of ~0.4, similar to those measured in the smoke
from the Lodi 1 fire in southern California (average ~0.3)
[Hegg et al., 1987], although the concentrations of SOZ and
NOj in the smoke from A121 were only about 25% of those
measured in the smoke from Lodi 1.

The smoke sampled at 1456 PDT on June 28, was
detrained from a modest cumulus cloud that briefly capped
the plume rising from A121. The concentration of NHj in
this sample was slightly lower than the background
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concentration and much lower than we measured in the fresh
smoke samples, collected at 1513 and 1531 PDT, that had not
passed through any water cloud. Conversely, particulate
NHI was higher in the cloud-modified sample than in either
of the other two samples. Molar ratios of NHY to SOZ‘ and
NO; were close to 1 in the cloud-processed smoke and
15-60% less in the two samples unaffected by cloud. This
suggests that gaseous ammonia was efficiently taken up by
acidic cloud droplets, and that when the cloud droplets
evaporated they left behind more ammoniated, but still acidic,
sulfate and nitrate-containing aerosols. The older smoke
samples collected at 2041 and 2206 PDT on June 28, also
had NH;/SO; and NH;/NO3 ratios less than unity.
However, samples of fresh smoke collected at 2119 and 2148
PDT (emitted after the smoke samples collected at 2041 and
2206 PDT) gave higher NH,/SOj and NH;/NOj ratios (3.1
and 1.2, respectively), suggesting that the burning conditions
of the fire may have shifted in favor of ammonium
production.

The mean emission factor for particles with aerodynamic
diameters <3.5 pum (PM3 s) was 21.3 £ 4.3 g kg-1. Ward and
Hardy [1991] derived an empirical relation between the
PM3 5 emission factor [EF(PM3 5)] and CE, based on data
for different fuel types (primarily timber-harvest debris and
standing chaparral) in Washington, Oregon, and California,
where particulate matter and gaseous samples were collected
within about 10 m of the ground:

EF(PM35) = 67.4 - 66.8 CE (r =-0.86) )
where, 0 < CE < 1, r is the correlation coefficient, and the
units for EF(PM3 s) are g kg-1. Substituting the mean CE
computed for A121 (0.895) into (4) gives an emission factor
of 7.6 g kg-1. This is a factor of about 3 smaller than that
measured for A121. (Size spectra of smoke particles suggest
those particles between 2.5- and 3.5-pum diameter contribute
very little to PM3.5.) We checked our particle mass
concentration measurements against Concurrent measurements
of the optical scattering coefficient due to particles (bsp). The
results are plotted in Figure 2 with a regression line
constrained through the origin. The inverse of the slope of
the regression line (4.1 £ 0.1 m2 g-1) is an estimate of the
specific scattering coefficient (Bs) of the smoke particles
(Bs = osp/p where p is the mass concentration of particles
determined from the Teflon filter samples). Tangren [1982]
recommends a value of 5 m2 g-1 for airborne measurements
of B in biomass smoke. Measurements of unaged smoke
sampled in the laboratory [Patterson and McMahon, 1984]
and from the ground near field fires [Tangren, 1982] give Bg
values of ~3.5 m2 g-1. This suggests that our measurements
of particle mass concentration are probably accurate to within
about +20%. Since an error of about +200% is required to
explain the disagreement between (4) and the fine-particle
emission factor for A121, it would seem that the old boreal
forest fuels consumed by A121 are capable of producing
substantially more particulate mass when burned than the
chaparral and timber-harvest debris studied by Ward and
Hardy [1991]. However, (4) generally underestimates the
fine-particle emission factors listed in Table 3 (i.e., fire-
averaged emission factors computed from data we have
collected previously during studies of other fires). For
example, the overall mean PM3 5 emission factor from Table
3is 14.4 £ 10.1 g kg-1, corresponding to an overall mean CE
of 90%. Equation (4), on the other hand, predicts a PM2 5
emission factor of only 7.3 g kg-1. Hence, attribution of the
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Fig. 2. Mass concentration of particles versus the coefficient
of light scattering due to particles (at A = 540 nm) for the
Alaska wildfire A121. A least squares fit through the origin
is represented by the solid line with a slope of 0.25 g m-2.

disagreement between the mean fine-particle emission factor
measured for A121 and that predicted by (4) to simple
differences in fuel/ecosystem types would be hasty. Ground-

based and airborne measurements of smoke particles from the
same fires are needed to determine if these two independent
methods give similar results.

Conclusions

In this paper, we have described measurements of
gaseous and particulate emissions from a wildfire (A121) that
burned in an old black spruce forest in Alaska during the
summer of 1990. The relative proportions of the various
carbon compounds emitted, expressed as molar ratios and
emission factors, are generally consistent with the results of
other laboratory and field studies of biomass burning.
Possible exceptions are (1) the mean fine-particle emission
factor, which was about 3 times larger than that predicted by
a regression relation derived by Ward and Hardy [1991],
which has combustion efficiency as the independent variable,
and (2) the mean CH4/CO molar emission ratio, which was at
the low end of a range of values measured by other
investigators [Greenberg et al., 1984; Lobert et al., 1991;
Cofer et al., 1991; Ward and Hardy, 1991]. The emission
factor for particles <3.5 pm diameter and the CH4/CO
emission ratio measured in the smoke from the Alaskan
wildfire were consistent with the overall mean values derived
from our previous airborne measurements in smokes from
several other prescribed fires and wildfires.

Our measurements of nitrogen compounds emitted from
the Alaskan wildfire are generally consistent with the results
of other studies but comparatively low relative to our airborne
measurements in smokes from other fires. The
measurements of NH3/CO and N9oO/CO7 emission ratios are
very close to the overall mean values reported in the
laboratory study of Lobert et al. [1991]. The NOx/CO3
emission ratio that we measured for the Alaskan wildfire is



Nance et al.: Emissions From an Alaskan Wildfire

somewhat lower than that measured by Lobert et al. [1991].
However, our NOx/COz ratio does not take into account the
conversion of NOx to nitrates in the atmosphere. Molar ratios
of water-soluble, aerosol nitrate to NOy in the smoke from
the Alaskan wildfire ranged from ~5 to ~40%.

Measurements of gaseous NH3 and particulate NHI,
NOS, and SO:, obtained in the smoke just downwind of a
water cloud that briefly formed over the Alaskan wildfire,
indicate that NH3 was efficiently taken up by cloud droplets,
where it helped to partially neutralize the sulfate and nitrate
content of the aerosols left behind after evaporation of the
cloud droplets.
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